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ABSTRACT

The capacityis determinedor an optical channelemploying PulsePositionModulation(PPM)andan AvalanchePhotoDiode
(APD) detector This channels differentfrom the usualopticalchannelin thatthe detectoroutputis characterizethy a Webb-
plus-Gaussialistribution, not a Poissondistribution. The capacityis expressedasa function of the PPM order, slot width,

laserdeadtime, averagenumberof incidentsignalandbackgroundhotonsreceved,andAPD parametersBasedon a system
usinga laseranddetectorproposedor X2000 seconddelivery, numericalresultsprovide upperboundson the datarate and
level of backgroundhoisethat the channelcan supportwhile operatingat a given BER. For the particularcasestudied,the
capacity-maximizind®PM orderis near2048for nighttimereceptionand16 for daytimereception.Reed-Solomotcodescan
handlebackgroundevels2.3to 7.6 dB below the ultimatelevel thatcanbe handledby codesoperatingat the Shannoriimit.

Keywords: Capacity pulsepositionmodulationavalanchephotodiodedetectoy Reed-Solomonwebbstatistics

1. INTRODUCTION

The capacityof a channelis the highestdatarateit canreliably support. Wheneer the datarateis lessthanthe capacityof
thechannelthereexistsanerrorcorrectingcodefor the channethathasanoutputprobability of errorassmallasdesiredand
corversely wheneverthe datarateis morethanthe capacitythe probability of erroris boundedaway from zero.

Thecapacityof theopticalchannebdepend®nmary factorsincludingthemodulationschemelaser transmissiomedium,
photodetectgiandpreamplifier Unlikethebandlimitedadditive white Gaussiamoise(AWGN) channein whichall performance-
influencingfactorsarerelevantto the channekcapacityonly in how they affectthe bandwidthandsignal-to-noiseatio, thereis
not a methodto simplify the formulationof the capacityof the opticalchannelto sofew variables.For example,the capacity
dependsseparatelyon the signalandbackgroundight levels, not simply their ratio. In this paper the functionaldependence
of the capacityis distilled to the following six major parameters(1) the PPM order M, (2) the laserpulsewidth T, (3) the
necessargleadtime betweerpulsesTy, (4) the averagenumberof signalphotonsperpulseincidenton the detectoms, (5) the
averagenumberof backgroundphotonsper slot incidenton the detectomy,, and(6) the detectoritself. Theseparametersire
representedly the vector(M, ng, Ny, Ts, Ty, detectoy, andwe will write the capacityasC = C(M, ng, Ny, Ts, Ty, detecto}. For an
APD detectorthe parametersisedarethe quantumefficiency n, theionizationratio ke, noisetemperaturd’, loadresistance
R, noiseequialentone-sidedbandwidthB, bulk leakagecurrently,, andsurfaceleakagecurrentls. Not explicitly includedin
the functionaldescriptionof the capacityis the modulationextinction ratio ae of thelaset which we fix at 10° throughoutthe
paper A descriptionof theseparameterss containedn [4, 14].

Numericalresultsin the paperarebasedon a systemusingcomponentgurrently available and suggestedby X2000 2nd
delivery for a Mars-typemission. This includesa 1064nmpulsedQ-switchedNeodymium-doped/ttrium Aluminum Garnet
(Nd:YAG) laser asuperiow ke (SLIK) APD detectormadeby EG&G, anda transimpedancpre-amplifier

Futureimprovementsnadein lasersanddetectorsanbe evaluatedwvith themethodsoutlinedin this paper Theincreasen
capacitycanbe projectedby re-evaluatingthe equationswith new (M, ns, np, Ts, Ty, detectoy parameters\We areundertaking
this activity for a future paper

In thefollowing section,the optical channelis describedandthe notationusedin this paperis given. We alsodiscusshe
variousunits in which capacitymay be expressed.Section3 givesthe analytic capacityresults,including derivationsof the
capacityof PPM, the probability of uncodedsymbolerrorfor the APD andideal photoncountingdetectorsandimplications
of the corverseof Shannors capacitytheorem.In Section4 we give the numericalcapacityresults,andin Section5 we state
conclusionanddiscusdutureresearcmeededn this area.

Thework describedvasfundedby the TMOD TechnologyProgramandperformedatthe JetPropulsion_aboratory Californialnstitute
of Technologyundercontractwith the NationalAeronauticandSpaceAdministration.
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Figure 1. An opticalcommunicationsystem.

2. PRELIMIN ARIES
2.1. Channeldescription and notation
2.1.1. Encoder, laser modulator, optical channel

This paperconcernghecommunicationsystenshovnin Fig. 1. TheinformationbitsU = (Uy, ... ,Uy) arei.i.d. binaryrandom
variablesassumedo take on the values0 and1 with equalprobability. ThevectorU is encodedo X = (X, ... ,Xy), avector
of n M-PPM symbols. EachM-PPM symbolis a numberin {0,... ,M — 1} (or equivalently, a block of log, M bits, if M is

a power of two). Thereis onesignalingslot,andM — 1 nonsignalingslotsfor eachM-PPM symbol. The symbolindicates
to the modulatorin which of the M time slotsof lengthTs to pulsethe transmittinglaser BetweeneachM-PPM symbol,the
laserrequiresdeadtime Ty to rechage andreadyitself for sendinganotherpulse. The laseris coupledto a telescopeand
pulsesaretransmittedhroughthe opticalchanneko thereceving telescopewherebackgroundight alsoenters.In Fig. 1, the
transmittingtelescopefree space backgroundight, andreceving telescopeare groupedunderthe term “Optical Channel,

whoseoutputconsistof photonsthatenterthedetector

2.1.2. Detector

At the recever, light is focussedon the photodetectgrwhich for this paperwe restrictto an APD detector The detector
integratesover slot timesto produceY = (Yq,...,Yn), WwhereY; = (i 1,...,Yim) arethe M soft outputsfor the ith M-PPM

symbol,1 < i < n. Thenumberof photonsncidenton a detectorfrom anincidentopticalfield of known intensityis a Poisson
distributedrandomvariable[4]. The numberof photonsabsorbedy the detectoris equalto the numberof photonsincident

timesthe quantumefficiency n of the detector The secondaryelectronsat the outputof the detectorhave a morecomplicated
probability distribution [3, 13,20]. In this paper for simplicity we assumeperfecttiming synchronizatiorand no inter-slot

interferencewhich impliesthatthe numberof absorbeghotonsn eachslotis independendf the numberof photonsabsorbed
in all otherslots. Recentwork hasdevelopeda methodto combatinter-slot interferenceassumingsaussiarpulseshapesby

usingtrellis-codedmodulation[10,17].

2.1.3. PPM demodulator, decoder

Typically, theindividual slot statisticsat the outputof the detectorare not availableto the decoder Insteadfor 1<i<n, a
PPMdemodulatousestheM slotstatisticsof Y; to make anM-PPMsymboldecisionz; € {0,... ,M — 1} by choosingheslot
within eachsymbolthat maximizesthe numberof detectecbhotons,or in caseof atie, by randomlychoosinga slot among
thosewith the maximumstatistic.lt hasrecentlybeenproventhatthisis the maximumlik elihoodrule for PPMdetectionwhen
the statisticsare governedby the sumof a Webband Gaussiardeviates[19]. Perhapssurprisingly the maximumlikelihood
rule becomesnorecomplicatedhan“pick thelargest”whenthe detectomoutputis approximatedy a Gaussiaristribution,in

which anonsignalingslot hasmeanii, andvarianceoﬁ anda signalingslot hasmeanyy, + ps andvarianceoﬁ + 02. We avoid

this problemby not usingthe Gaussiarapproximations.

*If individual slot statisticsareavailableto the decoderthenthe capacitywill behigher



2.2. The units of capacity

This paperexpresseshe channelkapacityin bits persecondecauseailtimatelythe systemdesignemantsto know how much
datacanbe pumpedthroughthe channehow quickly usingthe given power available. The laserproperties ppticsefficiency,

pointingaccuray, andspaceandatmospheridossesall affect C, but only throughtheir influenceon ng, ny, Ts, andTq. Hence
we expressthe capacityasa function of thefollowing parameters:

C =C(M, ng, Ny, Ts, Ty, detectoy.

The unitsin which C is expressedffect the parameteralueswhich maximizeC. This fact, which might seemsurprisingat
first, impliesthatwork on maximizingphotonefficiency (e.g.,[2,5,7,11,12]) doesnot necessariljhelpdeterminghemaximum
dataratepossibleon thechannel.

2.2.1. Bits per photon or bits per channeluse

A channekapacityof C bits perchannelusecanberestatecasC/ng bits persignalphoton,C/M bits perPPMslot (neglecting
the deadtime), andC/(MTs+ Ty) bits persecond.The capacityin bits per photonor bits per channeluseis not boundedor
noiselesPPM, if perfecttiming is assumed16]. (Otherpracticalconstraintdoundit [11,12].) Intuitively, thereasoris that
by choosingncreasingraluesof M andkeepingthe slot durationfixed, the statisticsgoverningthe numberof photonsdetected
in the signalslot remainthe same pbut the numberof bits persymbolincreasesslog, M. Thus,the capacityin bits perphoton
(or bits perchanneluse)increasesslog, M, anunboundediumberasM increases.

Thisunboundedaapacityin bits/photons not particularlyuseful,however, becausé necessitateslow datarateandwasted
power. Lasersonaspacecraftanhave powverallocatedo themonacontinualbasis atleastwithin theintenalsof time setaside
for transmissioro earth.This poweris usedprimarily to chagethelaserafterit hasfired apulse.If thelaserwaitsanextensive
periodof time betweerpulsefirings, that power is beingwasted.Fromaninformationtheoreticaltandpointthe wastecanbe
guantifiedby the lost entrofy of the signal. The informationcontentof a setof signalingslots (ones)andnonsignalingslots
(zeroesdecreaseastheir probabilitiesaremademoredisparate An increasingl meanshatthe informationcontentperslot
(or perunittime) is decreasingbecausévl — 1 out of M of the slotscontainzeroes.

2.2.2. Bits per second

Insteadof usingan enormousvalueof M andtransmittingone symbol, we would be betteroff transmittingtwo (M/2)-PPM
symbolsin the sameamountof time (assumingVl >> Tq/Ts), becausehereis a potentialfor 2log,(M/2) bits receved, as
opposedo only log, M bits. Neglectingdeadtime, the capacityof the errorlesschannelis log, M/M bits per slot, which is
maximizedwhenM = 3. (The noninteggermaximumoccurswhenM = e.)

Theoptimumvalueof M maybemuchhigherthanthreewhentherequireddeadtimeis takeninto accountOnanerrorfree
channelusingM-PPM,aslottime of Ts anda laserdeadtime of Ty, the capacityin bits perseconds

log, M

= m bits/second

M maybe choserto maximizethis equation.For thelaserusedin this paper Ts = 3.125x 10~8 secondsind Ty = 4.32x 104
secondsandan errorlesschannelcapacityis optimizedwhenM = 2082. For channelghat produceerrors,morecomplicated
expression®f capacityresult[6], anda differentoptimal valueof M emeges.

3. ANALYTIC RESULTS

In Section3.1, we derive the capacityof APD-detected®PM, in termsof the PPM order M andthe probability of correct
uncodedM-PPM symboldetection.A detailedsummaryof how to computethis probabilityis thengiven. In Section3.2 we
usethe corverseto Shannors capacitytheorento derive boundson performance.



3.1. Capacity of APD-detectedPPM
3.1.1. Capacity asa function of correct PPM symbol detection
The capacityof the communicationsystemin Fig. 1 is the maximummutualinformationbetweertheinputandoutput,

C £ maxI (U; 0) = maxH (0) —H(Q|U),
p(X)( ) ne (U)-H(UJU)

whereH (0) is theentrogy of U, H(U|U) is theconditionalentrogy of U givenU, andl (U; U) is themutualinformationbetween
U andU. Sincetheencodefanddecodelaredeterministicjnvertiblefunctions,the capacityof the systemreducesn the usual
wayto

C=maxl (X;Z) = maxH(Z) — H(Z|X).
maxd (X:2) = maxH (2) ~ H(Z|X)
ThechannelX — Z is anM-ary symmetricchannel(repeatec times),whosecapacitydependson the probability of correct
uncodedsymboldetectionp £ Pr(X; = Z). Underthe assumptionsf perfecttiming andnegligible inter-slotinterferencethe
M — 1 possibleincorrectdecisionsareequallylik ely, andeachincorrectM-PPMsymbolhasprobabilityq = (1 — p)/(M - 1).
The capacityof the M-ary symmetricchanneis givenby [1]

C = log,M+plog, p+(M—1)qglog,q bitsperchanneluse. Q)

Thus,to computethe capacitywe needonly determinep. Notethattheanalysighusfarhasnotdepende@n the particulartype
of detectoused,only thatthe detectoroperatesn amemorylesgashion.

3.1.2. The probability of correctdetectionwith an APD detector

A low noiseAPD enhanceshe detectionof weak optical signalsby amplifying the electricalcurrentgeneratedy absorbed
photons. This is illustratedin Fig. 2, in which the diode symbolrepresentshe more complicatedsolid statecomponent®f
the APD itself, andsomeof the APD parametersreshawn in block diagramform. Unfortunatelyin additionto amplifying
thesignal,the APD transformshe simple Poissordistribution of absorbeghotonsinto amuchmorecomplicatedorobability
densityfunctionat the APD output. This pdf is known [3, 13], but extremelycomplex to evaluatenumerically This Conradi-
Mclntyre distribution hasbeenaccuratelyapproximatedn a simplerformulationby Webb[20]. In particulat the probability
thatm secondangelectronsareemittedfrom the APD in responseo the absorptiorof, on average n primary photonsin aslot,
is approximately
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Figure 2. Thesoft APD demodulator



andkef is theionizationratio. For valuesof m closeto its meanGn, Eq. (2) canbe approximatedy a Gaussiampdf; however,
Pry(m|n) departgyreatlyfrom a Gaussiarpdf at bothtails, which form the maincontribution to erroreventsin decoderg4].

The detectoroutputx is the sum of the chaige dueto the approximatelyWebb-distrituted secondaryelectronemissions,
a contribution from the APD surfaceleakagecurrent,and Gaussiardistributed amplifier thermalnoise,as shavn in Fig. 2.
Becauseof the thermalnoise,the slot statisticx is not necessarilyaninteger, and may even be negative. The pdf of the sum
chageis givenby the convolution

(X = i)(p(x, Ho, )P, ®

where(x, Uum, 0°) is a Gaussiarpdf with meanpm, = me_ + IsTs andvarianceo? = (2e_ls+ (4kT/R))BTZ, e_ is the electron
chage,k is Boltzmanns constantT is the noisetemperatureB is the single-sidechoisebandwidth,andls is the APD surface
leakagecurrent. Note that Pry(m|n) and p(x|n) are conditionedon the meannumberof photonseffectively absorbedby
the detectoy not incidentthe detector The relationshipbetweenincidentand absorbedhotonsis governedby the quantum
efficiency n of thedetectorasshown in Fig. 2.

The averagenumberof absorbedohotonsn dependson whetherthe slot containsthe signal. In a signalingslot, n =
nns+ NNy + Ip/e—; in anonsignalingslot,n = 2—': +nny+lp/e—. Thely/e_ termrepresentshe additionaleffective absorbed
photonsresultingfrom the APD bulk leakagecurrent. The nns/aer termrepresentthe photonsabsorbedvhenthelaseris not
sendinga pulse.For practicalpurposesthe extinction ratio ae, is ofteninconsequentiabeingashigh or higherthan10°.

The probability of correctdetectionp is givenby

X M-1
[ R Y @

p= /_ p(XNNs+nNnp+ lp/e_)

wherep(x|n) is the conditionalpdf of the detectorslot statisticgiventhatan averageof n photonsareabsorbedy the detector
using Eq. (3). By plugging Eq. (4) into Eq. (1), the capacityis determined.In caseswvhereEq .(4) is too cumbersomeo
numericallyevaluatewe may usea simpler expressionas a boundand approximation. Using Jensers inequality p canbe
boundedy [18]

M-1

; (6)

whichwill give alower boundon capacitywhenpluggedinto Eqg. (1). This boundis alwaystighterthanthe unionbound[8],
whichimpliesthatasthe probability of errorgetssmall,theratio of the boundto thetruevaluetendsto one.

p> [1—/ p(XNNs+ NN + Ib/&)/ p(YInnp+ NNs/der + Ip/e-)dydx
—00 X

3.2. Implications of the converseof Shannon’s capacity theorem
The converseof Shannors channelcoding theoremappliedto the communicationsystemin Fig. 1 implies that ary error
correctingcodewith coderateR; informationbits pertransmittecbit satisfies

R:(log, M)(1— #,(Py)) < C(M, ng, Ny, Ts, detectof  bits perchanneluse (6)

where #,(x) £ —xlog,x — (1 —x)log,(1 — x) is the binary entrogy function, andwhereP, is the codedbit error rate. Here,

R:log, M is theratein bits per channeluse. Note that capacityis expressedn bits per channeluse ,which removesits depen-
denceon Ty. We mayrewrite Eq. (6) as

_ C(M, ng, np, Ts, detectoy

> 1 1 _ [l 3 ) 9 7

Py > 74 e oo (7)

For agivencoderateR; andfixed (M, ns, np, Ts, detectoy, Eq. (7) givestheminimumBER P, thatary rateR. codecanachieve

onthechannel Alternatively, we maywrite

C(M, ng, Ny, Ts, detectoy
(log;M)(1— #6(Ry))
For a given desirederror rate, say P, = 10, Eq. (8) gives an upperboundon the coderate, i.e., the percentageof the

transmissiorbits that carry information. Sincethe datarate Ry = (R:10g, M)/ (MTs + Tq) this translateslirectly into a bound
onthedatarateaswell,

Re < (8)

C(M, ng, np, Ts, detectoy

RIS T+ To) (1— 76(P)

bits/sec. 9)



4. NUMERICAL CAPACITY RESULTS

All numericalevaluationawverecarriedoutona333MHzPentiumll usingprogramswrittenin C andPerl. We usedparameters
from a 1064nmpulsedQ-switchedNd: YAG laserhaving slot width Ts = 31.25 ns, requireddeadtime Ty = 432000ns, and
modulationextinction ratio aer = 10°. This laserwas chosenbasedon its proposedusefor X2000 2nd delivery [15]. The
EG&G SLiK APD hasthefollowing parameterskef = 0.007,T = 300°K, R=17970®, B = 5 Hz., I, = 4 x 10~ Amp,,

ls =2 x 10~2 Amp., andn = 38%. SeeAppendixA for adescriptiorof theseparametersyr [4] for amoredetailedexplanation.
All numericaresultsreportedn thepaperusedanoptimizedAPD gain. We discusghis optimizationin Sectior4.4;theoptimal
gainvariedfrom 50to 200,dependingn the backgroundevel.

4.1. Bit error rate vs. background level

We usedEg. (7) to determinethe lowestbit error rate theoreticallypossiblefor PPM signalingusingthe Nd:YAG laserand
SLiK APD. The capacitywasdeterminedby numericallyevaluatingEq. (5) andplugginginto Eq.s(1); substitutioninto (7)
givestheboundon bit errorrate.Fig. 3 indicatesheboundsvhenM = 256,As canbeseenwhenoperatingata BER of 1076,
theuseof rate7/8 codegpromisesheability to withstandbackgroundevelsover 40dB strongetthananuncodedsystem Rate
7/8 Reed-Solomor{RS) codesoperatewithin 3.5dB of the limit for rate 7/8 codes.In anuncodedsystemwith M = 256 we
musthave N, < 0.001in orderto achieve a BER of 10~%; with aRS(255,224 0dewe requiredn, < 7.1; andcapacityimplies
np < 16.0. Notein Tablel thatwhenM = 64, a RScodeis furtherfrom capacitythanwhenM = 256.

4.2. Data rate vs.background level

Using Eqg. (9), a boundon the highestdatarate possiblewhile operatingat a given BER and (M, ng, Ny, Ts, Ty, detecto} was
calculated.As np — 0, the dataratetendsto the maximumdictatedby M, Ts, andTy: log,M/(MTs+ Tg). Fig. 4 shavs the
maximumattainabledataratefor a variousM anda rangeof ny, andwith fixedns, Ts, Ty, anddetector Also shavn is the RS
codingperformancavhenM = 256.

4.3. Optimization of PPM order

Fig. 4 begs the questionof what PPM order optimizesthe datarate. For nighttime receptionin which n, < 1, the optimal
PPMorderis nearM = 2048.This closelyfollows the discussionn Section2.2.2regardingthe errorlesschannel For daytime
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Table 1. Maximum backgroundight thatcanbe handledwhile operatingwith a codedBER of 10-6. Thetableindicatesthat
codesoperatingat the Shannorlimit canwithstand2.3to 7.6dB higherlevels of backgroundight, comparedo RS codes.

ParametersM = 256,64,2,R. = 7/8 0or 1/2,ns = 100, Ts = 31.25ns, SLiK detector

M | Rc | np, Maximum | ny, RScoding | Difference(dB)
256 | 7/8 16.0 7.1 35

64 | 7/8 29.3 5.1 7.6

2 | 7/8 115 - -
256 | 1/2 37.8 22.5 2.3

64 | 1/2 69.9 30.5 3.6

2 |12 475 - -

I I Capacity I

RS(255,k) ——----- |

10000

M=64 -
e 1
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BER =10

Received signal: 100 ph/pulse
Slot width: 31.25 ns

Dead time: 432000 ns
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Figure 4. Capacityof M-PPM on an optical channelwith M € {2,64,256,2048 4096}, P, = 10°, ns = 100, Ts = 31.25ns,
Tq = 432000ns,andthe SLiK APD detector

receptionin which n, ~ 100, we canseefrom Fig. 4 thatthe optimal PPM orderis well under256. To be moreprecise the
orderof PPMthatmaximizescapacityin bits persecondcanbe seendirectly from a plot of capacityversusM. Thisis shovn
in Fig. 5, andthe optimal PPM ordersfor variousvaluesof n, aresummarizedn Table2.

This suggestaiseof a multiple PPM ordercommunicationsystem. During nighttime receptionit shoulduseM on the
orderof thousandsandduring daytimereceptionit shoulduseM on the orderof dozens.UnoptimizedPPM orderscanbe
costly. As canbeseernfrom Fig. 5, usingM = 2036duringthe daywould be disastroudor thedatarate.UsingM = 18 atnight
reducesapacityby over half.

4.4. APD gain optimization

The APD gainis aparameterequiredto evaluateperformanceFor example Eq. (2) depend®nthegain. All numericakesults
in this paperusean optimizedgain. For eachvalueof ny, the numericalcapacityor otherneededjuantitywascomputedover

a rangeof gains,andthe largestone chosen.In the interestof time, the gain wasrestrictedto multiplesof five. In all cases
considereda gain differenceof five (andtypically muchmorethanfive) from the optimal value madelittle differencein the

numericalresults.Shavn in Fig. 6 arethe optimalgainvalues.Optimal APD gainsarealsoreportedn [18].
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1 F T T 1 T T T T T 1
I Fixed parameters:
PPM order: 256
Received signal: 100 photons/pulse
Slot width: 31.25 ns
SLiK APD detector ,
0.1 .
5 ,
i
°
Qo
[S
>
[
= 0.01 Upper bound E
i T~ T simulation 1
e} /
(5]
°
o
o
=
=}
0.001 | .
0.0001 L 1 1 1 I

0.01 0.1 1 10 100
nb

Figure 7. Probabilityof uncoded256-PPMsymbolerroron anopticalchannelwith ng = 100, Ts = 31.25ns,andthe SLiK APD
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4.5. Comparison of simulation to upper bound of uncodedAPD-detectedPPM

Most numericalresultsin this paperrequiredthe determiningthe probability of uncodedPPM symboldetectionerror. Two
approachesveretaken—simulationand bounding. Using the methodgivenin [4] to simulatethe statisticalpropertiesof the
APD, a channelwas simulatedfor 100,000256-PPMsymbols. The probability of uncodedsymbolerroris shovn in Fig. 7,
andis comparedo the upperboundusedin Eg. (5) usedto derive the remainderof the numericalresultsin the paper Since
theupperboundis tighterthantheunionbound,it necessarilycorvergesto thetrue value. We seethis happeningif slawly, in
Fig. 7.

5. CONCLUSIONS
This paperconsiderecan X2000 2nd delivery laserand detectoy representinghe currenttechnologyavailable. Capacitywas
reportedin termsof BER vs. backgroundevel anddataratevs. backgroundevel. Optimizationof the PPM orderand APD
gainwerealsodiscussed.

Resultsndicatethatfor 256-PPMandrate7/8 coding,RS codescanhandleall but thelast3.5dB of thebackgroundevels
thatcapacitypromisescanbe handledwhile operatingata BER of 1076,

Table 2. OptimalPPMordersM whenP, = 107, ns = 100,n, € {0.1,1,10,50,100}, Ts = 31.25ns, Ty = 432000ns,andthe
SLiK APD detector

n, | OptimalM
0.1 2036

1 1815
10 634
50 52
100 18




Theoptimalvalueof PPMorderdependgreatlyon the backgroundight. For nighttimereceptionthe optimal PPMorder
wasfoundto beM = 2036,while for daytimereception M = 18. With mismatched®PM  order, the capacityreducesy more
thanafactorof two, which suggestshatmultiple-orderPPM systemsshouldbe usedif feasible.

Futureadvancesn lasersanddetectordiave not beenconsideredn this paper Evaluatingcapacityfor theseadvancements
would provide very usefulinformationregardingthe limits at which the optical channelcanoperate.This work is straightfor
wardbut asof yetundone.

The paperalsogivesa frameawork thatcanbe usedfor evaluatingthe sensitvity of the capacityto eachparameterHolding
all parametergixedbut one, it is possibleto shav the sensitvity of capacityto eachparameterThis would provide valuable
feedbackto laserand detectordevelopersandto systemdesignerswho could thenexpendeffort in the areadeadingto the
biggestsystemgains. For the APD, this would include a study of the affectsof the quantumefficiency, thermalnoiselevels,
darkcurrentsandsoforth; for thelasersthis wouldincludetherepetitionrateandthe pulsepower. Also, notethatin this paper
we mostly keptns fixedat 100 photonsperpulse.lt is importantto know how the capacitychangedor varyingns.

Also unknawn is the capacitylossdueto the hardPPM symboldemodulatorRemoring it andproviding soft slot statistics
directly to the decodemwould improve capacity anda studyto quantify this gain would be an importantadvancementn our
understandingf the opticalchannel.

Acknowledgements:TheauthorthanksMeeraSrinivasarfor providing the C programto boundthe symbolerrorusingthe
APD, JuanCenicerodor providing mary FOCASIink tables,GerryOrtiz for providing X20002nd delivery laseranddetector
parametersandBob McEliecefor helpful discussionsegardingthe units of capacityandoptimizationof the PPM ordet



APPENDIX A. PARAMETERS AND NOTATION

Thefollowing is alist of parameterandnotationusedin this paper

10.

11.

12.

13.

Laser and Modulator parameters

M 256,64,2 PPMorder

Ts 3.125x 10~8  Width of the PPMslotrequiredoy laser in seconds

Ty 432x10™* Deadtime betweerPPMsymbolsrequiredby laser in seconds

Oer 108 Modulationextinctionratio
Recevedlight
Ns 100 Averagenumberof signalphotonsincidenton the photodetectqgmperpulse

n, 0.001- 10,000 Averagenumberof backgrouncphotonsincidentonthe photodetectqmperslot
APD detector parameters

n 38% Quantumefficiengy

Kef 0.007 lonizationratio

T 300 Noisetemperaturein Kelvin

G 50-200 Gain

R 179700 Loadresistancémplied by transimpedancmodel,5.75 x 102 x Tg, in Ohms

B ZLTS Noiseequialentone-sidedandwidth,in Hz.

Iy 4%x10°14 Bulk leakagecurrent,in Amperes

Is 2x107° Surfaceleakagecurrent,in Amperes

Constants

K 1.38x 10722  Boltzmanns constantjn Joules/kelvin

e_ 1.6x10°1°  Electronchage,in Coulombs

Err or probabilities

p Probabilityof correctuncoded®PMdetection

q Probabilityuncoded®?PM symboli is detectedassymbol j, j # i.
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